Changing Face: A Key Residue for the Addition of Water by Sclareol Synthase by Jia, Meirong et al.
Biochemistry, Biophysics and Molecular Biology 
Publications Biochemistry, Biophysics and Molecular Biology 
3-8-2018 
Changing Face: A Key Residue for the Addition of Water by 
Sclareol Synthase 
Meirong Jia 
Iowa State University 
Terrence E. O'Brien 
University of California, Davis 
Yue Zhang 
University of California, Davis 
Justin B. Siegel 
University of California, Davis 
Dean J. Tantillo 
University of California, Davis 
See next page for additional authors 
Follow this and additional works at: https://lib.dr.iastate.edu/bbmb_ag_pubs 
 Part of the Biochemistry Commons, Biophysics Commons, Molecular Biology Commons, and the 
Structural Biology Commons 
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
bbmb_ag_pubs/265. For information on how to cite this item, please visit 
http://lib.dr.iastate.edu/howtocite.html. 
This Article is brought to you for free and open access by the Biochemistry, Biophysics and Molecular Biology at 
Iowa State University Digital Repository. It has been accepted for inclusion in Biochemistry, Biophysics and 
Molecular Biology Publications by an authorized administrator of Iowa State University Digital Repository. For more 
information, please contact digirep@iastate.edu. 
Changing Face: A Key Residue for the Addition of Water by Sclareol Synthase 
Abstract 
Sclareol synthase from Salvia sclarea (SsSS) naturally acts on 8α-hydroxy-copalyl diphosphate (1), 
stereoselectively adding water to produce (13R)-sclareol (2a), and similarly yields hydroxylated products 
with manifold other such bicyclic diterpene precursors. Here a key residue for this addition of water was 
identified. Strikingly, substitution with glutamine switches stereochemical outcome with 1, leading to 
selective production of (13S)-sclareol (2b). Moreover, changes to the stereospecificity of water addition 
with the structurally closely-related substrate copalyl diphosphate (4) could be accomplished with 
alternative substitutions. Thus, this approach is expected to provide biosynthetic access to both epimers 
of 13-hydroxylated derivatives of manifold labdane-related diterpenes. 
Disciplines 
Biochemistry | Biophysics | Molecular Biology | Structural Biology 
Comments 
This is a manuscript of an article published as Jia, Meirong, Terrence E. O’Brien, Yue Zhang, Justin B. 
Siegel, Dean J. Tantillo, and Reuben J. Peters. "Changing face: a key residue for the addition of water by 
sclareol synthase." ACS catalysis 8, no. 4 (2018): 3133-3137. doi: 10.1021/acscatal.8b00121. Posted with 
permission. 
Authors 
Meirong Jia, Terrence E. O'Brien, Yue Zhang, Justin B. Siegel, Dean J. Tantillo, and Reuben J. Peters 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/bbmb_ag_pubs/265 
Changing Face: A Key Residue for the Addition of Water by 
Sclareol Synthase
Meirong Jia†, Terrence E. O’Brien‡, Yue Zhang‡, Justin B. Siegel‡,§,∫, Dean J. Tantillo‡, and 
Reuben J. Peters†,*
†Roy J. Carver Department of Biochemistry, Biophysics and Molecular Biology, Iowa State 
University, Ames, IA, 50011, USA
‡Department of Chemistry, University of California, Davis, CA 95616, USA
§Department of Biochemistry and Molecular Medicine, University of California Davis, Davis, CA 
95616, USA
∫Genome Center, University of California Davis, Davis, CA 95616, USA
Abstract
Sclareol synthase from Salvia sclarea (SsSS) naturally acts on 8α-hydroxy-copalyl diphosphate 
(1), stereoselectively adding water to produce (13R)-sclareol (2a), and similarly yields 
hydroxylated products with manifold other such bicyclic diterpene precursors. Here a key residue 
for this addition of water was identified. Strikingly, substitution with glutamine switches 
stereochemical outcome with 1, leading to selective production of (13S)-sclareol (2b). Moreover, 
changes to the stereospecificity of water addition with the structurally closely-related substrate 
copalyl diphosphate (4) could be accomplished with alternative substitutions. Thus, this approach 
is expected to provide biosynthetic access to both epimers of 13-hydroxylated derivatives of 
manifold labdane-related diterpenes.
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Prototypical (class I) terpene synthases catalyze lysis of the allylic diphosphate ester in their 
substrate.1 The resulting allylic carbocation can undergo nucleophilic addition, which often 
triggers a complex cascade of carbocationic intermediates.1 While the catalyzed reaction is 
almost invariably terminated by deprotonation, water can be added in the course of catalysis, 
yielding an alcohol rather than more prototypical olefin.2 Given the importance of hydroxyl 
groups for both increasing solubility and providing hydrogen-bonding potential in terpenoid 
natural products, their insertion can be critical in such biosynthesis.3 However, the 
enzymatic basis for addition of water by class I terpene synthases is not well-understood. 
The only case where such activity has been clarified is a cineole synthase from Salvia 
fruticosa, for which determination of a crystal structure led to identification of a key 
asparagine that seems to position the relevant water molecule, as further indicated by the 
demonstration that isoleucine substitution blocked the addition of water.4
An intriguing alcohol generating class I terpene synthase is the sclareol synthase from Salvia 
sclarea (SsSS),5-6 which is used commercially in a biotechnological approach for production 
of this valuable diterpene fragrance precursor.7 SsSS naturally acts on 8α-hydroxy-copalyl 
diphosphate (1), ionizing the allylic diphosphate ester to form a 13-yl+ tertiary allylic 
carbocation to which water is added, with deprotonation of the resulting oxocarbenium 
yielding sclareol (2). More specifically, SsSS selectively generates 13R-sclareol (2a), which 
demonstrates that 1 is appropriately oriented in the active site for the relevant addition of a 
water molecule to the re face of its double bond (Scheme 1). Yet SsSS has been shown to 
exhibit extreme substrate promiscuity, readily reacting with essentially all known 
diterpenoid precursors to produce analogous 13-hydroxylated derivatives.8 In particular, 1 is 
derived from bicyclization of the general diterpene precursor (E,E,E)-geranylgeranyl 
diphosphate (GGPP) by a class II diterpene cyclase. These mechanistically distinct cyclases 
characterize the biosynthesis of the large labdane-related diterpenoid super-family. They are 
capable of producing manifold such bicyclic derivatives of GGPP. These bicycles are 
distinguished by stereo-configuration of the initially formed decalin ring structure, which 
can be followed by subsequent rearrangement, with both 1,2-migration of the methyl and 
hydride substituents, as well as the recently demonstrated production of alternative ring 
structures,9 possible. Further variation arises from positioning of the double bond, or 
hydroxyl group resulting from addition of water, generated by terminating deprotonation. 
Altogether, there are over 50 possible variants.2
Previous studies of diterpene synthases have characterized the profound impact that single 
residue changes can have on product outcome.10-17 These residues were identified based on 
sequence comparisons of phylogenetically related, but functionally distinct enzymes. 
Notably, many of these residues are found in a short stretch of sequence,10-12, 18 which has 
since been shown to form part of the active site, in close spatial proximity to the signature 
DDxxD motif of class I terpene synthases.19-21
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S. sclarea falls within the Lamiaceae plant family, from which a number of homologous 
diterpene synthases have been identified.22-25 Many of them, particularly those characterized 
by the loss of a large relictual domain,26 react with 1 and/or the structurally related non-
hydroxylated isomer copalyl-diphosphate (CPP, 4). Among these, only SsSS adds water and 
produces a further hydroxylated diterpene. Sequence alignment of these diterpene synthases 
revealed intriguing differences in the previously identified product-outcome determining 
region (Figure 1A). While all the other (non-hydroxylating) enzymes are identical, SsSS 
varies at three positions within this region, which hints at a role for these in the distinct 
addition of water by SsSS.
To investigate the hypothesis that one or more of these residues is involved in the addition of 
water mediated by SsSS, each one was substituted with the corresponding residue from the 
non-hydroxylating homologs. The effect on product outcome was tested using a previously 
developed modular metabolic engineering system,27 whereby each of these SsSS mutants (as 
well as wild-type for comparison), was expressed in E. coli also engineered to produce 1. 
The resulting diterpene products can be readily extracted from the recombinant cultures and 
identified by comparison to authentic standards via analysis with gas-chromatography 
coupled to detection by mass-spectrometry (GC-MS). Following such characterization, it 
was found that, while the S433C and T436C mutants had no effect on product outcome (i.e., 
these still produced 2; Figure S1), the N431I mutant exclusively produced isoabienol (3; see 
Figures 1B and S2), resulting from direct deprotonation of the initially generated 13-yl+ 
intermediate at the neighboring methyl group. Notably, there was <10% decrease in yield for 
this mutant relative to wild-type SsSS in these engineered bacterial cultures (i.e., when 
comparing production of 3 versus 2; Figure S3). Thus, this single residue change completely 
blocks the ability of SsSS to add water to 1, seemingly with minimal effect on catalytic 
efficiency.
Intriguingly, this result at least nominally resembles the previously identified key asparagine 
residue in the S. fruticosa cineole synthase that directly binds the water molecule added in 
the course of the catalyzed reaction. Accordingly, it was similarly hypothesized that the key 
asparagine identified in SsSS might also directly interact with the water that is added to 
produce 1. This further led to speculation that substitution with residues that retain hydrogen 
bonding capacity might alter positioning of the water molecule. Of particular interest was 
sufficient alteration to enable specific addition to the si rather than re face of the double bond 
in 1.
The possibility that mutation of the key N431 in SsSS might enable such alternative 
stereochemical outcome was investigated by substitution with serine, threonine, aspartate, 
glutamine or glutamate, followed by co-expression of the resulting mutants in E. coli also 
engineered to produce 1, as above. Initial GC-MS analysis demonstrated that each of these 
SsSS mutants selectively produced 2 (Figure S4), again with minimal effects on yield 
(Figure S3). In order to separate 2a and the epimeric (13S)-sclareol (2b), a chiral column 
and extended temperature gradient, much as previously reported,28 were then employed. 
This revealed that these mutations did indeed alter stereochemical outcome, with varied 
ratios of 2a and 2b observed (Figures 2 and S5). Notably, while the other mutants produced 
roughly equal amounts of both epimers, the N431D and N431Q mutants selectively 
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produced 2b, with SsSS:N431Q exhibiting almost complete reversal of the stereoselective 
addition of water – i.e., while wild-type SsSS produced 2a in 80% ee, SsSS:N431Q 
produced 70% ee of 2b. Thus, this single residue change essentially flips stereochemical 
outcome, changing the addition of water to the si face of the double bond in 1 and, thus, 
provides novel biosynthetic access to 2b.
To further investigate the effect of these mutations, kinetics analysis was carried out with 
N431I and N431Q mutants, as well as wild-type SsSS. This demonstrated that these changes 
had minimal impact on catalytic efficiency, with less than 2-fold decreases in kcat/KM (Table 
1), consistent with the almost negligible effects on biosynthetic yield noted above. Thus, this 
position exhibits clear plasticity, with the ability to readily accommodate these changes in 
side-chain composition or length (respectively), with minimal effect on overall catalytic 
activity (although the usual rate-limiting release of product1 may mask some change in the 
rate of the chemical reaction).
Such plasticity seems consistent with the expected direct interaction between this residue 
and the water added in the course of catalysis. However, extensive modeling with 
RosettaCM29 indicated that the N431 side-chain hydrogen-bonds to a neighboring helix (i.e., 
the backbone carbonyl of C466). While it is clear that any such interaction is not critical for 
enzymatic stability (i.e., given the equivalent yield and activity of the N431I mutant), this at 
least suggests the possibility that N431 does not directly interact with the water molecule 
added in the course of catalysis. This alternative hypothesis was further investigated by 
docking the 2a product conformational library (see supporting information for details on the 
conformational search), with a distance constraint which maintains the relative position of 
the pyrophosphate co-product to 2a, into the SsSS active site with the Rosetta Modeling 
Suite.30-32 Despite being allowed to rotate (along with all other side-chains), N431 was not 
altered to interact with the 13R-hydroxyl group of 2a (Figures 3 and S6-8), consistent with 
the suggested lack of direct interaction between this residue and the relevant water.
The absence of a direct interaction suggests that alteration of N431 indirectly affects the 
addition of water. This was further investigated by use of the alternative substrate 4 that is 
structurally closely-related to 1. While wild-type SsSS readily reacts with 4 and selectively 
produces the 13-hydroxylated derivative manool (5), analogous to the production of 2 from 1 
(Figure 4),8 the N431I mutant does not exhibit the same ability to completely block the 
addition of water to 4. Instead of exclusively producing sclarene (6) from 4, resulting from 
analogous direct deprotonation of the initially generated 13-yl+ intermediate at the 
neighboring methyl group, SsSS:N431I produces only a 4:6 mixture of this and 5 (Figure 
S9). Moreover, although chiral GC-MS analysis demonstrated that the resulting 5 is 
produced in a stereospecific fashion by wild-type SsSS, with the 13R-hydroxylated isomer 
5a found in 90% ee, the N431Q mutant did not reverse this. While SsSS:N431Q does 
predominantly produce 5 (~95%; Figure S9), this is roughly split between both 5a and the 
13S-hydroxyl epimer 5b (Figure 4).
The other polar mutants described above similarly specifically produced 5 (>95%; Figure 
S9), but largely retained wild-type stereospecificity – i.e., for 5a (Figure S10). Given the 
evidence that the residue at position 431 indirectly affects the addition of water, and the 
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plasticity evident from the continued small effects on biosynthetic yield (<2-fold; Figure 
S11), it was hypothesized that alternative substitutions might enable stereoselective 
production of 5b. Since smaller residues (i.e., Ser and Thr) had not exhibited any significant 
change in stereoselectivity, substitution with larger residues – i.e., Phe and Tyr – was tested. 
Notably, both SsSS:N431F and N431Y not only predominantly produce 5 (>90%; Figure 
S9), but also largely reverse stereoselectivity, producing 5b in 60% and 62% ee, respectively 
(Figure 4).
More generally, the lack of absolute stereospecificity, even with the native substrate 1, 
suggests that SsSS does not precisely position its substrate and the water to be added in the 
course of the catalyzed reaction. Preliminary chiral GC-MS analysis of the 13-hydroxylated 
labdane-related diterpenoids produced by wild-type SsSS from the varied bicyclic precursors 
currently available via biosynthesis (i.e., functionally distinct class II diterpene cyclases), is 
consistent with this hypothesis, with variable levels of stereoselectivity observed (i.e., ratios 
of 13-hydroxy epimers). Nevertheless, given the ability of changes to N431 to impact the 
stereoselectivity of this addition of water shown here, it is expected that screening with the 
mutants described here (and perhaps others as well), will provide biosynthetic access to both 
epimers of 13-hydroxylated derivatives of the full range labdane-related diterpenoid 
precursors, substantially expanding the utility of this remarkable class I diterpene synthase.
Supplementary Material
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Figure 1. 
Identification of key asparagine in SsSS. A) Sequence alignment of the (class I) diterpene 
synthase product-determining region (see Methods for nomenclature; residues mutated here 
indicated by asterisks, *). B) Chromatograms from GC–MS analysis of wild-type (WT) and 
N431I mutant of SsSS products from 1 (numbers correspond to the chemical structures 
defined in the text).
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Figure 2. 
Altering N431 impacts stereochemical outcome with 1. Chromatograms from chiral GC–MS 
analysis of 2 produced by wild-type (WT) or indicated mutants of SsSS from 1. Epimers of 
2, as well as 3, are shown on the right.
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Figure 3. 
Indirect effect of N431 on addition of water. Lowest energy structure from docking 13R-
sclareol (2a) into a representative homology model for SsSS (see Figure S8 for others). SsSS 
is shown in cartoon format, the grey dotted line between the co-product pyrophosphate-
Mg2+ complex and 2a illustrates the constraint used in docking, the 13R-hydroxyl in 2a is 
shown as a red sphere, and the residues mutated here shown as sticks – N431 in light grey, 
S433 and T436 in dark grey.
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Figure 4. 
Altering N431 impacts stereochemical outcome with 4. Chromatograms from chiral GC–MS 
analysis of 5 produced by wild-type (WT) or indicated mutants of SsSS from 4. Catalyzed 
reaction, with epimeric products, shown on right.
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Scheme 1. 
SsSS native reaction.
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Table 1
Steady-state kinetic parameters with 1.[a]
SsSS kcat (s−1) KM (μM) kcat/KM (s−1 M−1)
wild-type 0.53 ± 0.04 7 ± 2 7.6 × 104
N431I 0.38 ± 0.02 6 ± 1 6.3 × 104
N431Q 0.47 ± 0.02 10 ± 1 4.7 × 104
[a]
Mean ± SE from three independent experiments.
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